Background
CCAAT/Enhancer Binding Proteinδ (C/EBPδ) is a member of the highly conserved C/EBP family of leucine zipper DNA binding proteins [1] [2] [3] . Evidence accumulated since their discovery in the late 1980's indicates C/EBP function in the transcriptional control of genes that function in cell growth, survival, differentiation, inflammation and apoptosis [1] [2] [3] . C/EBPδ gene expression is increased in human and mouse mammary epithelial cells in response to growth arrest induction by serum and growth factor withdrawal, contact inhibition and IL-6 family cytokine treatment [4] [5] [6] [7] [8] [9] [10] [11] . Ectopic C/EBPδ expression induces growth arrest of mouse mammary epithelial and human chronic myelogenous leukemia cell lines [5, 12] . Conversely, reducing C/EBPδ gene expression is associated with delayed growth arrest, genomic instability, impaired contact inhibition, increased cell migration and reduced serum dependence [5, 13] . Consistent with a role as a candidate tumor suppressor gene, "loss of function" alterations in C/EBPδ gene expression have been reported in primary human breast cancer and acute myeloid leukemia (AML) [11, [14] [15] [16] [17] [18] . In vivo experimental studies indicate that C/EBPδ plays a complex role in mammary epithelial cell fate determining programs as C/EBPδ is transiently induced in the mammary gland during the early "reversible" phase of mammary gland involution and C/EBPδ knockout female mice exhibit mammary gland ductal hyperplasia [19] [20] [21] [22] .
Studies focusing on the regulation of C/EBPδ have reported that C/EBPδ is regulated at the transcriptional, post-transcriptional and post-translational levels [6, [23] [24] [25] . These findings demonstrate that the content and function of C/EBPδ is tightly controlled at multiple levels. The goal of the present study was to gain new insights into the functional role of C/EBPδ in mammary epithelial cell growth arrest by identifying C/EBPδ downstream target genes using a global gene array approach. The results identified candidate C/EBPδ target genes that were classified by gene ontology (GO) and functional annotation clustering into DNA binding, transcriptional regulation, cell adhesion, cell cycle regulation, apoptosis, signal transduction, intermediary metabolism, DNA repair and transport. These findings provide new insights into the broad range of functions impacted by C/EBPδ in mammary epithelial cell biology and suggest new mechanisms by which alterations in C/EBPδ could contribute to defects in growth control, differentiation and tumorigenesis.
Results

C/EBPδ is induced in growth arrested human mammary epithelial cells
To identify C/EBPδ target genes we used the ChIP-chip assay, a technique that couples chromatin immunoprecipitation (ChIP) with (CpG) Island (CGI) microarray chip hybridization [26, 27] . In the initial experiment, we validated the increase in C/EBPδ protein levels in MCF-12A human mammary epithelial cells growth arrested by contact inhibition for 24, 48 and 72 hours (Fig. 1a) . We next transfected MCF-12A human mammary epithelial cells with a C/EBPδ-v5 fusion construct and demonstrated that the C/EBPδ-v5 protein was present at 24, 48 and 72 hours in contact inhibited MCF-12A cells, paralleling the results from experiments with endogenous C/EBPδ protein levels (Fig. 1b and Fig. 1a) . Because available commercial and laboratory produced anti-C/EBPδ antibodies were not suitable for chromatin immunoprecipitation reactions the ChIP-chip assays were performed in contactinhibited MCF-12A cells transfected with the C/EBPδ-v5 construct and the antibody interaction step was performed with a high affinity anti-v5 antibody. A schematic overview of the ChIP-chip protocol and representative microarray data images are presented (Fig. 1cd) .
Identification of and functional categories of C/EBPδ target genes
ChIP-chip results identified 289 candidate genomic regions from the UNH HCG12K array using a 2 fold enrichment threshold (C/EBPδ-v5 vs IgG control). Of these 289 genomic regions, 99 were identified in defined gene promoter regions (Table 1 ). C/EBPδ target genes are located on all human chromosomes, suggesting a broad and relatively unbiased distribution across the human genome (Fig. 2a) . C/EBPδ target genes were identified and assigned to functional categories (Functional Annotation Clustering) using the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resource. C/EBPδ target gene functional categories include: signal transduction, metabolism, transcriptional regulation, cell adhesion, DNA binding, cell cycle control, apoptosis, and solute/metabolite transport (Fig 2b) .
Chromatin immunoprecipitation (ChIP) and RT-analysis of C/EBPδ target genes
We next used conventional chromatin immunoprecipitation (ChIP) assays to confirm the interaction between C/ EBPδ and selected candidate gene promoters in MCF-12A mammary epithelial cells. MCF-12A cells were transfected with the C/EBPδ-v5 construct, growth arrested by contact inhibition and conventional ChIP assays performed on 14 C/EBPδ candidate genes from diverse functional categories with proximal promoters containing at least one consensus C/EBP binding site (Fig. 3a) . ChIP assay results were positive for 14/14 C/EBPδ candidate target gene promoters tested, although the degree of positive detection varied across the 14 target genes (Fig. 3b) .
ChIP-chip and direct ChIP assays address in situ protein/ DNA binding but do not determine if DNA binding results in increased expression of the downstream target gene. To investigate the relationship between C/EBPδ promoter binding and C/EBPδ target gene expression MCF-12A cells were transfected with the C/EBPδ-v5 construct, growth arrested by contact inhibition and total RNA isolated for RT-PCR analysis. The RT-PCR results demonstrated that mRNA levels of 14/14 of the selected C/EBPδ target genes are significantly induced in MCF-12A cells transiently transfected with the C/EBPδ-v5 construct under contact inhibition, growth arrest conditions (Fig.  3c) . The degree of C/EBPδ target gene expression as assessed by mRNA content was variable, possibly reflecting the complex nature of individual target gene transcriptional activation as well as individual target gene mRNA stability. Taken together, the conventional ChIP and RT-PCR results verified that the ChIP-chip assays identified authentic C/EBPδ target genes.
C/EBPδ and C/EBPδ target genes are induced in confluent (contact inhibited) human and mouse mammary epithelial cell lines In previous work we reported that C/EBPδ expression is highly induced in growth arrested and IL-6 cytokine treated primary human mammary epithelial cells, MCF-12A and MCF-10A mammary epithelial cell lines [9] . To extend these findings in the current study we assessed the expression of C/EBPδ and selected C/EBPδ target genes in 48 hour confluent, G 0 growth arrested MCF-10A mammary epithelial cells. The results demonstrated that G 0 growth arrest was associated with an approximately 10-fold induction of C/EBPδ mRNA compared to exponentially growing MCF-10A cells (Fig. 4) . Consistent with the growth arrest induction of C/EBPδ, the mRNA levels of selected C/EBPδ target genes were also induced, with fold induction of C/EBPδ target genes varying from ~.5-12 fold induction (Fig. 4) .
To extend the current results to mouse MECs we compared C/EBPδ and selected C/EBPδ target gene mRNA levels in growing and contact-inhibited, G 0 growth arrested HC11 cells, a nontransformed mouse mammary epithelial cell line. The results confirmed the growth arrest induction of C/EBPδ and demonstrated parallel induction of selected C/EBPδ target gene mRNAs (Fig. 5a ). The growth arrest inducible induction of C/EBPδ was dramatic (~90 fold), the growth arrest induction of selected C/EBPδ target genes varied from ~3-50 fold (Fig. 5) . These results extend the association between C/EBPδ and the expression of C/EBPδ target genes to include both human and mouse derived nontransformed mammary epithelial cell lines.
Discussion
This study identified C/EBPδ target genes using a "ChIPchip" global gene array approach. The functional catego-C/EBPδ expression and C/EBPδ genomic target gene identification by ChIP-chip assay in MCF-12A cells ries of a significant number of the C/EBPδ target genes are consistent with known biological responses associated with C/EBPδ expression and function. A significant number of studies have demonstrated that C/EBPδ gene expression is induced in contact-inhibited cells and the "ChIP-chip" analyses performed in this study identified C/EBPδ target genes that function in cell adhesion, a key aspect contact inhibition mediated growth arrest including, IGTB8, LOX, PCDH9, THBS4, and RSHL1 (Table 1 ) [28] . C/EBPδ induction of IGTB8 (Integrin B8) may be particularly relevant in breast cancer as IGTB8 inhibits epithelial cell growth by activating TGF-β [29, 30] . In addition, LOX (lysyl oxidase), a cell-associated enzyme that functions in extracellular matrix biology has been identified as a tumor suppressor gene in gastric cancer [31] . However, the role of LOX is cancer biology is complex as LOX has also been shown to enhance breast cancer cell migration [32] .
Additional C/EBPδ target genes function in the regulation of growth factor signaling, tumor suppression and transcription including: ERBB2IP, IRAK2, EDG1, INTS6, SCAP2, VDR, KLF6, MKL2, FLI1, TUSC3 and SOX4 (Table  1 ). ERBB2IP (Erbin) inhibits growth factor signaling by disrupting Sur-8/Ras/Raf complex formation interaction [33] . INTS6 (DICE1), a DEAD box protein that exhibits tumor suppressor activity, is hypermethylated and downregulated in prostate cancer [34] . VDR (vitamin D receptor), a member of the steroid hormone nuclear receptor superfamily, functions in calcium and noncalcium related cellular responses to vitamin D [35] . It is of interest that the VDR is required for vitamin D-induced growth arrest of breast and prostate derived cell lines and C/EBPδ is required for vitamin D-induced growth arrest of human breast (MCF-7) and prostate (LnCAP) cells [36, 37] . These results indicate that C/EBPδ target genes play key roles in growth inhibitor signaling, cell-cell and cell matrix interactions and transcriptional regulation.
The C/EBPδ ChIP-chip results also identified three genes (BCL2L1, TIA-1, RNF34) that function in apoptosis. Reports from our lab and others demonstrate that C/EBPδ is expressed at the onset of mouse mammary gland involution [20, 21, 38] . It is of interest that BCL2L1 (bcl-x), a gene associated with pro-and anti-apoptotic functions was identified as a C/EBPδ target gene by the ChIP-chip assay. The primary BCL2L1 transcript can be alternatively spliced into two variants that encode proteins with opposing functions: Bcl-xL (anti-apoptotic) and Bcl-xS (proapoptotic) [39, 40] . Bcl-xL is the most abundant Bcl-2 family member expressed in mammary epithelial cells and conditional deletion of the bcl-x gene from the mouse mammary epithelium enhances apoptosis during the initial phase of mammary gland involution [41] . Interestingly, Bcl-xS levels increase during mammary gland involution, resulting in a decrease in the Bcl-xL/Bcl-xS ratio in the involuting mammary gland [42] . A second apoptosis-related C/EBPδ target gene identified was TIA-1, an RNA binding protein that exhibits both pro-and antiapoptotic activity [43, 44] . These results suggest that C/ EBPδ may function in the transcriptional control of BCL2L1 and TIA-1 but the pro-or anti-apoptotic functions are determined by posttranscriptional events. The third apoptosis-related C/EBPδ target gene identified in study is RNF34, an anti-apoptotic protein that is associated with activation of nuclear factor-κB (NF-κB) and increased levels of Bcl-xL [45] . In addition to the identifiChromosomal localization and functional categories of C/ EBPδ target genes Figure 2 Chromosomal localization and functional categories of C/EBPδ target genes. A. Chromosomal localization of C/EBPδ-v5 bound candidate genomic targets identified by the C/EBPδ-v5 ChIP-chip assays using the UNH HCG12K array. b. C/EBPδ target genes were verified in authentic gene promoter regions and assigned to Functional Categories using the Database for Annotation, Visualization and Integrated Discovery (DAVID). The list of genes assigned to each category is presented in Table 1 . cation of growth control/tumor suppressor genes, the C/ EBPδ ChIP-chip analysis identified eight inflammation related genes, including ADM, IRAK2, CCL25, OTUB1, KLF6, DBP, RFXANK and GP5 (Table 1) . These findings are consistent with a well-established functional role of C/ EBPδ in the acute phase response, inflammation and wound healing [23, 46, 47] .
Conventional ChIP and RT-PCR analysis of selected C/EBPδ ChIP-chip target genes
The ChIP-chip analysis also identified C/EBPδ target genes that encode proteins that function in general energy metabolism, including lipid metabolism, metabolite transport and mitochondrial energy-related functions (Table 1) . These results are consistent with early reports documenting the key role of C/EBPδ in the 3T3-L1 fibroblast → adipocyte differentiation program [48, 49] .
The ChIP-chip analysis also identified a significant number of C/EBPδ target genes that function as transcriptional regulatory proteins. These results suggest that C/ EBPδ initiates a biological response that is amplified by C/ EBPδ target genes that also function as transcriptional regulatory proteins. Five C/EBPδ target genes are classified as homeobox genes (POU2F1, TGIF2, IRX6, ESX1L and ALX4) ( Table 1 ). The potential role of C/EBPδ in the expression of homeobox genes suggests that C/EBPδ may influence cell fate or cell lineage determination. It has recently been shown that C/EBPδ inhibits growth and promotes self renewal of human limbic stem cells, suggesting a potential role for C/EBPδ in the maintenance of stem cell pluripotency [50] . These results suggest that C/ EBPδ may play a previously unrecognized regulatory role in cell lineage determination in the mammary gland or possibly in mammary gland stem cell populations.
The ChIP-chip results identified C/EBPδ target genes that function specifically in neuronal differentiation and development (FGF9, MTPN, ROBO3, NPAS1, and DVL3) ( Table 1) . Early studies in our laboratory found that mouse brain expresses relatively high levels of C/EBPδ mRNA compared to other C/EBP family members [51] . In addition, the initial report that described the phenotype of C/EBPδ -/-mice reported selectively enhanced contextual fear conditioning, suggesting a role for C/EBPδ in learning or memory [52] . It is of interest that DTNA, a gene that functions in neuromuscular synaptic transmission was also identified as a C/EBPδ target gene and that C/EBPδ target genes were identified that function in differentiation and development of muscle cells and pattern C/EBPδ and C/EBPδ target gene mRNA levels are expressed in confluent, G 0 growth arrested human mammary epithelial cells Table 3 . 
Conclusion
This is the first report to utilize the ChIP-chip assay to identify C/EBPδ target genes. The new C/EBPδ target genes identified by the ChIP-chip analysis are associated with biological responses previously associated with C/EBPδ expression, such as growth arrest, cell adhesion, inflammation, energy metabolism and apoptosis. Gene expression analyses performed in human and mouse mammary epithelial cell lines confirm the link between the expression of C/EBPδ, C/EBδ target genes and the G 0 growth arrest state. These results provide new insights into the functional role of C/EBPδ and C/EBPδ target genes in mammary epithelial cell growth control and suggest new avenues of investigation to define the role of C/EBPδ and C/EBPδ target genes in mammary tumorigenesis.
Methods
Cell culture and transient transfections
The immortalized, nontransformed MCF-12A and MCF-10A human mammary epithelial cell lines were obtained from American Type Culture Collection. MCF12A and MCF-10A cell lines were cultured in DMEM/F-12 phenol red free media (Invitrogen) supplemented with 5% horse serum, 20 ng/ml human recombinant EGF, 100 ng/ml cholera toxin, 10 μg/ml bovine insulin, 500 ng/ml hydrocortisone, 100 U/ml penicillin and 100 μg/ml streptomycin (Complete Growth media, CGM). Growth arrest was induced by culturing confluent MCF-12A or MCF-10A cells in CGM or switching near confluent cultures to media containing 0.5% horse serum plus antibiotics (Growth arrest media, GAM). MCF-12A cells were transiently transfected with 5 μg of a v5 tagged C/EBPδ expression construct (pCDNA3.1-hC/EBPδ-v5) using the Lipofectamine Plus transfection system (Invitrogen). Three hours later transfected cells were washed with 1× PBS, returned to CGM for 48 hours. All transfection experiments were performed in triplicate and repeated 2-3 times. HC11 cells (mouse immortalized mammary epithelial cell line) were grown in complete growth media (CGM) containing RPMI 1640 medium (Invitrogen) containing 10% FBS and supplemented with 10 ng/ml epidermal growth factor, 10 μg/ml insulin, 50 units/ml penicillin, 50 μg/ml streptomycin and 500 ng/ml fungizone in a humidified incubator at 37°C and 5% CO 2 .
Exponentially growing HC11 cells were cultured at 30-50% confluence in CGM, confluent HC11 cells were grown to confluence and retained in CGM for 48 hours. Table 3 . Real Time PCR data is normalized to the GAPDH control.
Chromatin immunoprecipitation CpG island microarray
were assessed by agarose gel electrophoresis. An optimized two-step PCR amplification was then performed on the ChIP recovered DNA. Briefly, CPG array slides were prehybridized in a solution containing 100 μ1 of DIG Easy Hyb solution (Roche), 5 μ1 of 10 mg/ml calf thymus DNA (Invitrogen) and 5 μ1 of 10 mg/m1 L yeast tRNA (Invitrogen) at 65°C for 2 min and then cooled to room temperature. The hybridization solution (85 μ1 total volume) containing the pooled Alexa 647 and Alexa 555 labeled DNA was mixed and incubated at 65°C for 2 min, cooled to room temperature and the pipetted onto the CPG array slides. A 24 × 60 mm glass coverslip (Corning) was placed over the hybridization droplet and the arrays was place into a hybridization chamber containing a small amount of DIG Easy Hyb solution in the bottom to maintain a humid environment. The arrays were incubated in a 37°C incubator for 18 hours. After hybridization, the slides were sequentially washed with 1× SSC and 0.1% SDS for 15 min in 50°C water bath, 1× SSC, and 0.1× SSC at room temperature. Slides were spun dry at 640 rpm for 15 min and the fluorescent signal scanned using a GenePix 4000B scanner. For each independent experiment the v5-antibody-ChIP DNA and the mouse IgG-ChIP control DNA fluro dye labeling was swapped to reduce the effect of dye bias on the microarray data. A 2 fold hybridization signal intensity (antiv5 ChIP vs the IgG ChIP) was used to identify C/EBPδ-v5 binding targets. Only those spots satisfying the 2 fold cut-off value in both of the two dye swapping microarray experiments were used for downstream bioinformatics analysis. Array spots with a size (diameter) less than 70% of the normal size or having a signal-to-noise ratio of less than 2.5 fold were eliminated from the analysis. We also determined that no reliable signal was produced from control spots containing Arabidopsis DNA. The conventional ChIP assays were performed by isolation of C/EBPδ-associated (C/EBPδ-v5) genomic DNA using the Chromatin Immunoprecipitation Assay Kit (Upstate) and following Upstate ChIP protocols. 
Bioinformatic and statistical analysis
Reverse transcription -PCR (RT-PCR)
Total RNA was isolated using RNABee (TelTest, Inc.). One g RNA samples were treated with amplification grade DNase I and reverse transcribed with an oligo(dT) primer in 20 μ1 using the SuperScript First-Strand Synthesis System for RT-PCR from Invitrogen. One μ1 cDNA aliquots were amplified by gene specific primers. PCR amplification products were analyzed by agarose gel electrophoresis, and photographed using an Alpha Innotech Imagine System.
mRNA isolation and Real Time PCR
Total mRNA was isolated using RNAzol B (Tel-Test, Inc., Friendswood, TX) according to the manufacturer's protocols. Total mRNA (1 μg) was reverse transcribed using the reverse transcriptase kit (Invitrogen, Carlsbad, CA). The reverse transcription products were amplified by Realtime PCR using the LightCycler ® 480 Real-Time PCR System (Roche, Indianapolis, IN). Amplification was performed in a total volume of 20 μL containing 10 μL of a 2×SYBR Green PCR master mix, 0.2 μL of forward and reverse primers and 1 μL cDNA in each reaction. PCR specificity was verified by assessing the melting curves of each amplification product. Real-time PCR data were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA control. The primers used are presented in Table 2 . The fold change in specific mRNA levels was calculated using the comparative CT (ΔΔCT) method.
Results presented as mean ± SEM of the fold changes derived from three experiments with triplicate analyses performed for each treatment.
